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We have performed angle-resolved photoemission spectroscopy on Tl0.5Bi2Te3, a possible topolog-
ical superconductor derived from Bi2Te3. We found that the bulk Fermi surface consists of multiple
three-dimensional hole pockets surrounding the Z point, produced by the direct hole doping into
the valence band. The Dirac-cone surface state is well isolated from the bulk bands, and the surface
chemical potential is variable in the entire band-gap range. Tl0.5Bi2Te3 thus provides an excellent
platform to realize two-dimensional topological superconductivity through a proximity effect from
the superconducting bulk. Also, the observed Fermi-surface topology provides a concrete basis for
constructing theoretical models for bulk topological superconductivity in hole-doped topological
insulators.
PACS numbers: 73.20.-r, 71.20.-b, 75.70.Tj, 79.60.-i
Topological insulators (TIs) manifest a novel quantum
state of matter in which a distinct topology of bulk wave
functions produces a gapless surface or edge state across
the bulk band gap inverted by a strong spin-orbit cou-
pling. The discovery of TIs has stimulated intensive in-
vestigations into an even more exotic state of matter, a
topological superconductor (TSC). TSCs generically pos-
sess a gapless Andreev bound state at the edge or sur-
face which consists of Majorana fermions [1–11]. Owing
to the peculiar characteristics of Majorana fermions that
particle is its own antiparticle as well as its potential ap-
plication to a fault-tolerant quantum computer, TSCs is
one of the emergent topics in current condensed-matter
physics.
While various schemes to realize TSCs have been pro-
posed [4–6, 12, 13], it has been suggested that a super-
conductor derived from a TI is a promising candidate for
a TSC because of the strong spin-orbit coupling which
would lead to unconventional electron pairing. The first
of such a TSC candidate derived from a TI is CuxBi2Se3
[14], in which the point-contact spectroscopy experiment
detected a pronounced zero-bias conductance peak to sig-
nify unconventional surface Andreev bound states [15].
Angle-resolved photoemission spectroscopy (ARPES) re-
vealed that Cu-doping produces electron carriers in the
inverted conduction band (CB) while leaving the Dirac-
cone surface state (SS) isolated from the bulk band
[16]. Although these experimental observations would
support either an unconventional odd-parity supercon-
ducting (SC) pairing relevant to the bulk topological su-
perconductivity [6, 17, 18] or the two-dimensional (2D)
topological superconductivity via superconducting prox-
imity effect [12, 16] the relationship between the elec-
tronic states and the topological superconductivity is
still under intensive debates [15–26]. Under this sit-
uation, it is of great importance to explore new plat-
forms of TSCs by doping carriers into TIs in order to
pin down the necessary conditions for realizing TSCs.
However, only a limited number of candidate materials,
such as Cux(PbSe)5(Bi2Se3)6 [27, 28], SrxBi2Se3 [29],
and NbxBi2Se3 [30] have been discovered in this materials
class till now. It is useful to note that a hole-doped topo-
logical crystalline insulator, InxSn1−xTe, is also found to
be a promising candidate of a TSC [31–33].
Recently, it was discovered that a relatively large
amount of thallium (Tl) doping into a prototypical TI,
Bi2Te3, gives rise to the superconductivity of Tc = 2.28
K with the SC volume fraction as high as 95% [34].
TlxBi2Te3 shows some intriguing characteristics distinct
from CuxBi2Se3. For example, the Tl ions are not “inter-
calated” but “incorporated” into the tetradymite matrix,
in contrast to the case of CuxBi2Se3 in which Cu ions are
intercalated between two Bi2Se3 quintuple layers. The
Hall-resistivity measurements signified the dominance of
p-type carriers in TIxBi2Te3, whereas other TI-based su-
perconductors [14, 27, 29] are n-type. Thus, it is of sig-
nificant importance to experimentally establish the elec-
tronic structure of TlxBi2Te3 to investigate the possible
topological superconductivity.
In this paper, we report high-resolution ARPES on
TlxBi2Te3 (x = 0.5). By utilizing energy-tunable pho-
tons from synchrotron radiation, we determined the bulk
and surface electronic states separately. We found that
the bulk electronic states are heavily hole-doped, as ev-
ident from the existence of multiple three-dimensional
(3D) hole pockets. Also, the 2D topological SS was found
to be well isolated from the bulk bands. We discuss the
implications of the present results to the possible topolog-
ical superconductivity in TlxBi2Te3 by comparing with
CuxBi2Se3.
2High-quality single crystals of TlxBi2Te3 were synthe-
sized from high-purity elemental shots of Tl (99.99%),
Bi (99.9999%) and Te (99.9999%). Details of the sam-
ple preparation were described elsewhere [34]. We per-
formed ARPES measurements on two samples with x =
0.5 and 0.6. While the obtained ARPES data show no
intrinsic differences between the two, the data quality ap-
pears to be slightly better for the x = 0.5 sample used
for this study (see Supplemental Material for details),
which is likely due to the different fraction of impurity
phases in crystals [34]. It is noted that the SC volume
fraction for x = 0.5 is 64% [34], reasonably high for dis-
cussing the electronic states relevant to the supercon-
ductivity. ARPES measurements were performed with
MBS-A1 and Omicron-Scienta SES2002 electron analyz-
ers with energy-tunable synchrotron lights at BL-7U in
UVSOR and BL28A in Photon Factory. We used the
linearly polarized light of 15–30 eV and the circularly
polarized one of 40–90 eV. The energy and angular res-
olutions were set at 10–30 meV and 0.2◦, respectively.
Samples were cleaved in situ along the (111) crystal plane
[see Fig. 1(a)] in an ultrahigh vacuum of 1×10−10 Torr,
and kept at T = 40 K during the ARPES measurements.
A shiny mirror-like surface was obtained after cleaving
to show the high quality of samples. The Fermi level
(EF) of samples was referenced to that of a gold film
evaporated onto the sample holder. The first-principles
band-structure calculations including the spin-orbit in-
teraction were carried out on bulk Bi2Te3 by using the
Quantum-Espresso code [35]. The plane-wave cutoff en-
ergy and the k-point mesh were set to be 30 Ry and 8 ×
8 × 8, respectively.
First, we discuss the overall valence-band (VB) struc-
ture of Tl0.5Bi2Te3. Figure 1(b) displays the plot of
ARPES intensity around the Γ¯ point as a function of
in-plane wave vector and binding energy (EB), measured
with photons of hν = 21 eV. One can see several intensive
features at EB = 0.4–1.5 eV due to the Te 5p states [36]
and a weaker holelike band near EF. To determine the
band dispersions of the VB in the 3D k-space, we have
performed hν-dependent ARPES measurements. Figure
1(d) shows the energy distribution curves (EDCs) at the
normal emission measured with various photon energies
from 12 to 25 eV. The topmost VB located at EB∼0.1
eV at hν = 21–24 eV disperses toward higher EB’s on
decreasing hν, stays at EB∼0.25 eV at hν = 15-17 eV,
and disperses back again towardEF on further decreasing
hν. Such a periodic nature of the band dispersion is more
clearly visualized in the ARPES-intensity plot along the
wave vector perpendicular to the sample surface (kz), as
shown in Fig. 1(e). Obviously, the highest occupied VB
has a bottom at the Γ point of the bulk Brillouin zone
(BZ), while its top is located around the Z point.
To see more clearly the electronic states responsible for
the formation of the Fermi surface (FS), we have chosen
hν = 21 eV whose k cut nearly crosses the Z point [see
FIG. 1. (color online). (a) Bulk rhombohedral BZ (red) and
corresponding hexagonal surface BZ (blue) of Tl0.5Bi2Te3.
Green shaded area indicates the kx-kz plane. (b) Plot of
ARPES intensity in the VB region as a function of the in-
plane wave vector and EB, measured at hν = 21 eV at T
= 40 K. (c) Bulk BZ in the kx-kz plane together with mea-
sured cuts for hν = 15 and 21 eV (blue and black curves).
kz values were calculated with the inner potential V0 of 12
eV which was estimated from the periodicity of bands in (d).
(d) Photon-energy dependence of the normal-emission EDCs
near EF. (e) Plot of ARPES intensity as a function of kz and
EB. The location of Γ and Z points in bulk BZ is indicated
by dashed lines.
Fig. 1(c)], and mapped out the FS as a function of the
2D wave vector (kx and ky). As seen in Fig. 2(a), the FS
consists of three large and three small ellipsoidal pockets
elongated in the Γ¯M¯ direction. It is noted that the ar-
rangement and the intensity of FSs exhibit a three-fold
pattern obeying the bulk-crystal symmetry. Both the
large and small FSs commonly have a holelike character,
as recognized from the gradual expansion of the ellipsoid
in the equi-energy cut on increasing EB as shown in Fig.
2(b). In fact, the band dispersion along k cuts cross-
ing these pockets [cuts A and B in Fig. 2(a)] signifies a
Λ-shaped intensity pattern, consistent with the holelike
nature [see Figs. 2(c) and 2(d)]. Figure 2(e) shows the
ARPES-derived band dispersions along the Γ¯M¯ cut [cut
C in Fig. 2(a)]. We find a reasonable agreement between
the experimental band dispersions and the first-principles
band-structure calculations [Fig. 2(f)]. In particular, the
k location of the large and small hole pockets (white ar-
rows) as well as a small hump at kx = 0.07 A˚
−1 (red
arrow) in the experiment are well reproduced in the cal-
3FIG. 2. (color online). (a) ARPES-intensity mapping at EF as a function of the 2D wave vector (kx-ky) measured at hν = 21
eV. Yellow lines indicate the measured k cuts. (b) ARPES-intensity mapping for various EB’s between 0.1 and 0.5 eV. (c)-(e)
Near-EF ARPES intensity as a function of the in-plane wave vector and EB measured along representative k cuts (A-C) shown
in (a). (f) Calculated band structure along the Γ¯M¯ cut obtained from the first-principles band calculations of bulk Bi2Te3 for
various kz’s. In order to take into account the hole-doping effect, the energy position of EF was set to be 70 meV below the
VB top in the calculation. Band dispersions centered at kz = 0.9 pi are shown by red curves; gradual shading highlights the kz
broadening of the ± 0.1 pi window. (g) 3D view of a schematic FS around the Z point, constructed from the band calculations
of hole-doped Bi2Te3 with the EF position at 70 meV below the VB top. Yellow and red colors on the FS corresponds to
portions for kz < 0.9 pi and kz > 0.9 pi, respectively.
culation when the chemical potential is located at 70 meV
below the VB top. This demonstrates that the emer-
gence of multiple hole pockets is a consequence of a direct
hole doping into the VB in Bi2Te3. Based on this good
agreement between the experiment and the calculation,
we have constructed the 3D bulk FSs in Tl0.5Bi2Te3 by
calculating a series of Fermi wave vectors (kF’s) for hole-
doped Bi2Te3, as shown in Fig. 2(g). One can clearly see
multiple FSs surrounding the Z point, which consists of
six equivalent tadpole-shaped hole pockets reflecting the
bulk-BZ symmetry. The “body” of tadpole FS is located
near the Z point and its “tail” extends away from the Z
point. When we consider a fixed kz plane slightly below
the Z point (kz = 0.9 pi) to account for the experimental
kz value for hν = 21 eV, this plane slices three “bodies”
and three “tails” of the six tadpole pockets. Intriguingly,
such features are clearly observed in the experimental FS
mapping in Fig. 2(a), in which one can attribute three
pockets with strong (weak) intensity close to (away from)
the Z point to the body (tail) of the tadpole FS.
Having established the bulk FS topology, the next im-
portant question is whether or not the topological SS ex-
ists in Tl0.5Bi2Te3. Figure 3(a) shows the plot of ARPES
intensity along a cut crossing the Γ¯ point [cut D in Fig.
2(a)] measured at hν = 15 eV [see Fig. 1(c)]. Besides the
M-shaped VB feature, one can recognize a V-shaped elec-
tronlike band in the vicinity of EF inside the valley of the
VB. This tiny feature is assigned to a SS since its energy
location is stationary when the photon energy is changed
to hν = 21 eV as seen in Fig. 3(b). This indicates that
the band-inverted nature is conserved even upon the Tl
doping. Figure 3(e) shows directly that the band disper-
sions obtained with these two different photon energies,
hν = 15 and 21 eV, exactly overlap with each other [Fig.
3(e)]. Furthermore, as shown in Figs. 3(c) and 3(d), we
were able to trace the band dispersion of the SS up to
∼ 0.2 eV above the VB top [see also Fig. 3(e)] simply
by keeping the samples in a vacuum of 2×10−10 Torr for
12 hours, which resulted in a significant downward sur-
face band-bending. This indicates that electron doping
due to surface aging can easily shift the surface chemical
potential up to the bulk CB.
The above results imply that the TlxBi2Te3 system
provides an excellent platform to realize the 2D topo-
logical superconductivity. Since the surface chemical po-
tential can be systematically controlled by the surface-
aging technique throughout the entire band-gap range as
demonstrated in Fig. 3, it is possible to isolate the topo-
logical SS from the VB and CB in both the k space and
the energy axis by controlling the strength of the sur-
face band-bending. This is in favor of the realization of
2D topological superconductivity in the topological SS
through the proximity effect from the SC bulk, which re-
quires the SS to be well separated from the bulk bands
4FIG. 3. (color online). (a), (b) Near-EF ARPES intensity
just after cleaving (fresh), measured along cut D in Fig. 2(a)
at hν = 15 and 21 eV, respectively. k cuts at hν = 15 and 21
eV nearly cross the Γ and Z points of bulk BZ, respectively, as
shown in Fig. 1(c). VB and SS denote the valence band and
surface state, respectively. (c), (d) The same as (a) and (b)
but 12 hours after cleaving (aged). CB denotes the conduction
band. (e) Dirac-cone band dispersion relative to the Dirac
point (DP) for fresh and aged surfaces of Tl0.5Bi2Te3. The
energy position of the chemical potential µ for each sample
is indicated by a horizontal dashed line. The band dispersion
was estimated from the numerical fittings of the momentum
distribution curves for (a)-(d).
[16]. In this regard, the electronic structure as well as
the mobile nature of the surface chemical potential in
TlxBi2Te3 is more desirable than those of CuxBi2Se3, in
which the surface chemical potential is pinned deep inside
the CB and is hardly controlled by the surface aging.
Besides the prospect for realizing 2D topological su-
perconductivity on the surface, it is possible that the
bulk superconductivity in this material is topological. In
this regard, the most intriguing aspect of TlxBi2Te3 is its
hole-doped nature, which is in contrast to the electron-
doped nature of the other TI-derived superconductors
discovered so far, as highlighted in Fig. 4 by a compari-
son of the electronic states in TlxBi2Te3 and CuxBi2Se3.
It is known that a sufficient condition to realize 3D TSC
is (i) the odd-parity SC pairing and (ii) the FS in the
normal state enclosing an odd number of time-reversal
invariant momenta (TRIM) [6, 18]. The situation (ii) is
realized in lightly electron-doped CuxBi2Se3 where the
bulk spherical electron pocket encloses a TRIM, the Γ
point [16, 21, 24], whereas the FSs in TlxBi2Te3 enclose
no TRIM [compare the top panels of Figs. 4(a) and 4(b)].
As for the requirement (i), the structure of the effective
Dirac Hamiltonian for Bi2Se3 was shown to allow SC
pairing between two different p orbitals possessing op-
posite parity, leading to an odd-parity pairing [18]. Since
the effective Hamiltonian is the same for Bi2Te3 [36, 37],
the same argument for odd-parity pairing would apply to
FIG. 4. (color online). Comparison of the schematic FS (top)
and the band diagram (bottom) between (a) TlxBi2Te3 and
(b) CuxBi2Se3.
TlxBi2Te3. However, since the FSs of TlxBi2Te3 do not
enclose any TRIMs, judging the possibility of topologi-
cal superconductivity requires heuristic efforts to find a
concrete topological invariant. In this regard, our obser-
vation of the FS topology in Tl0.5Bi2Te3 provides a solid
experimental basis for constructing theoretical models for
possible 3D topological superconductivity in TlxBi2Te3
and more generally in a hole-doped counterpart of TIs.
To summarize, we report high-resolution ARPES re-
sults on Tl0.5Bi2Te3 to elucidate the energy-band struc-
ture underlying the SC states. By utilizing energy-
tunable photons, we have succeeded in experimentally
determining the electronic structure of both bulk and
surface states. The bulk FS consists of a set of hole
pockets, establishing that Tl0.5Bi2Te3 is a rare case of
a superconductor derived by hole doping into TIs. We
also found that the topological SS is well isolated from
the bulk bands and the surface chemical potential is eas-
ily tunable over the entire band-gap region, which makes
this material a suitable candidate to realize 2D topolog-
ical superconductivity on the surface. Also, our deter-
mination of the bulk FS topology lays a foundation for
constructing theoretical models for 3D topological super-
conductivity in hole-doped tetradymite TIs.
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S1. Comparison of band structure between x = 0.5 and 0.6
Figure S1 displays a comparison of the ARPES intensity near the Fermi level (EF) measured along a k cut crossing
the Γ¯ point of the surface Brillouin zone at hν = 15 eV. At x = 0.5, one can clearly resolve a signature of a V-shaped
surface state (SS) inside the M-shaped bulk valence band (VB). As seen from a side-by-side comparison of the intensity
pattern, the overall spectral feature is essentially the same between x = 0.5 and 0.6, whereas the spectral intensity
is slightly broader in x = 0.6. It has been reported from the powder x-ray diffraction experiments of TlxBi2Te3 (x
= 0.0-0.6) that the volume of impurity phases (which mainly arise from TlBiTe2 phase) gradually increases with
increasing x [34]. Thus, the broader spectral feature for x = 0.6 likely originates from the shorter lifetime of surface
quasiparticles due to stronger scattering by impurities.
FIG. S1. (a), (b) Plot of near-EF ARPES intensity in a k cut crossing Γ¯ point as a function of the in-plane wave vector and
binding energy for TlxBi2Te3 with x = 0.5 and 0.6, respectively. The data were recorded at hν = 15 eV at T = 40 K.
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